Abstract Silicon (Si) has various biogeochemical functions, such as regulating soil formation and species composition, not only in terrestrial ecosystems but also in aquatic ones. Bamboo stands accumulate large quantities of amorphous Si. Evaluating Si dynamics in moso bamboo (Phyllostachys pubescens) forests, which are currently spreading through eastern Asia, is important in understanding their biogeochemical function as a supply source of phytoliths. We conducted a study on the organic accumulation and biological cycle of Si in three P. pubescens stands in central Japan with different site characteristics. The amounts of Si accumulation aboveground and underground were 200-360 and 180-460 kg/ha, respectively. These values indicate that Si accumulation underground was comparable to that aboveground. Silicon supply to the forest floor through litterfall was 77-330 kg/ha/year corresponding to 165-706 kg/ha/year as phytoliths (SiO 2 ), and 72-88 % was supplied as leaf litter. These results showed that a huge biogenic Si pool derived from bamboo plants exists in the floor of bamboo forests. Furthermore, we estimated the Si turnover time in P. pubescens forests as being 1.3-12.2 years, although this variation may depend on forestry conditions such as soil water content or stem density.
Introduction
Silicon (Si) is the second-most abundant element after oxygen in the Earth's crust (28.8 %), where it mostly exists as silicates, which comprise 90 % of all crust minerals (Wollast and Mackenzie 1983) . The geochemical weathering of silicates is an important process in the carbon cycle and contributes to regulating atmospheric CO 2 by reacting with carbonic acid (Berner 1995; Kump et al. 2000; Street-Perrott and Barker 2008; Song et al. 2011 Song et al. , 2012b , by occluding carbon within phytoliths, the silicified features that deposit within plant tissues (Parr et al. 2010; Song et al. 2013; Huang et al. 2014) , and via oceanic diatom growth, which is sustained by Si transport from terrestrial environments to coastal zones (Raven and Falkowski 1999; Tre´guer and Pondaven 2000; Rabosky and Sorhannus 2009) .
Silicon pools in global ecosystems can be subdivided into mineralogical pools, such as primary minerals, secondary crystalline minerals, and non-crystalline (amorphous) phases (Drees et al. 1989; Matichenkov and Snyder 1996) , and biogenic pools. These biogenic pools include phytogenic, microbial, and protozoic forms of Si (Struyf et al. 2009 ). Some higher plants use Si in the cell wall of their sustentacular and protective tissues to defend themselves from various biotic (e.g., disease) or abiotic (e.g., metal toxicity, salinity, drought, temperature extremes, and hydrodynamic forces from wind and water movement) environmental stresses (Raven 1983; Epstein 1999; Takahashi 2007; Schoelynck et al. 2010 Schoelynck et al. , 2012 . Silicon exists in plant tissues as deposits of amorphous silica (SiO 2 AEnH 2 O) called phytoliths or plant opals (Kondo 2010) . After plant death, phytoliths contribute to the pool of amorphous Si in the upper soil layers and constitute an important component of soil systems (Struyf et al. 2009 ). Phytoliths released into the soil are physically and chemically weathered, after which dissolved Si can either circulate within forest ecosystems via plant re-uptake (Meunier et al. 1999; Conley 2002; Derry et al. 2005; Cornelis et al. 2010; Struyf and Conley 2012) , be redeposited in soils as secondary silicate minerals such as allophanes or imogolites (Basile-Doelsch et al. 2005; Sommer et al. 2006; Ge´rard et al. 2008; Struyf et al. 2009 ), or exported to aquatic ecosystems (Conley 1997; Conley et al. 2008; Smis et al. 2011; Schoelynck et al. 2014) . To link local vegetationscale processes in terrestrial systems to larger-scale fluxes toward rivers and, ultimately, coastal zones, we must understand in plants their Si accumulation rates, Si physiology, and abundance of Si-accumulating species, as well as the eventual terrestrial-aquatic fluxes (Bartoli 1983; Conley 1997 Conley , 2002 Fulweiler and Nixon 2005; Conley et al. 2008; Schoelynck et al. 2014) .
Although all terrestrially-grown plants contain Si in their tissues, the concentrations in shoots vary considerably among species, ranging from 1 to 100 mg Si/gdw (Epstein 1999; Ma and Takahashi 2002) . These differences among species can be attributed to different abilities for Si uptake by roots, which can be active, passive, or rejective (Ma and Takahashi 2002) . Plants with high Si content (>1.0 %) and high Si/Ca ratios (>1.0) are defined as Si accumulators with active uptake (Ma and Takahashi 2002) . Gramineous plants are well-known as Si accumulators (Takahashi and Miyake 1976; Bakker et al. 1999) . Therefore, grass-dominated vegetation types, such as bamboo forests, are considered to have large pools of biogenic amorphous Si in the upper soil layers (Struyf et al. 2009) .
Bamboo includes over 70 genera with more than 1200 species and occupies more than 14 million ha worldwide (Dransfield and Widjaja 1995; Fu and Banik 1995) . Almost 80 % of all bamboo species and forests are found in South and Southeast Asia, including China, India, and Myanmar (Kleinhenz and Midmore 2001) , where bamboo is important not only as a bioresource but also for agriculture. Therefore, to use bamboo sustainably, bamboo forest management should emphasize nutrient cycling, and to that end, various studies have been conducted on nitrogen, phosphorus, and potassium in bamboo forests (Raghubanshi 1994; Mailly et al. 1997; Shanmughavel and Francis 1997; Li et al. 1998b; Embaye et al. 2005) . Previous studies on Si behavior in bamboo plants have shown that Si concentrations in leaves and culms increase seasonally Nishida 1989) and that Si is deposited as plant opal in leaves, roots, and rhizomes (Motomura and Fujii 2000; Lux et al. 2003; Kondo 2010) . Li et al. (2006) described the annual Si cycle of uptake, retention, and return in a moso bamboo (Phyllostachys pubescens) community in China. Bamboo also contributes to carbon bio-sequestration within silica phytoliths (Parr et al. 2010; Song et al. 2013; Huang et al. 2014) , and harvesting substantially changes terrestrial Si export fluxes to rivers and oceans, because reconstitution of biogenic Si in litter fall is prevented (Vandevenne et al. 2012) .
Quantitative values for Si cycles in bamboo stands should be interpreted with consideration of site location, stem density, bamboo size, and other factors, but there are few studies on Si cycling in bamboo forests. To increase our knowledge, the goals of this study were to evaluate Si dynamics in P. pubescens forests in central Japan and to understand their roles in the Si biogeochemical cycle of forest ecosystems.
Materials and methods

Site characteristics and physical and chemical properties of surface soil
This study was conducted in P. pubescens forests where stem density management or fertilization had not been conducted. The three sites were all in Aichi Prefecture, central Japan ( Fig. 1) : Kanpachi (35°07¢N, 137°13¢E, 110 m altitude), Seto (35°11¢N, 137°07¢E, 200 m altitude), and Noguchi (35°07¢N, 137°15¢E, 160 m altitude). The precise age of these forests has not been recorded. The annual mean temperature and precipitation at Toyota, the nearest AMeDAS (Automated Meteorological Data Acquisition System) observation site, is 14.8°C and 1451.4 mm, respectively (Japan Meteorological Agency 2011).
We established a 15 m · 15 m quadrat in 2008 at each site. Mean diameter at breast height (DBH) and density of each bamboo stand were 8.2, 10.1, and Fig. 1 Map showing a location of the study area and b study sites in Aichi Prefecture, Japan: Kanpachi, Seto, and Noguchi 11.2 cm and 2660, 2400, and 4790 stems/ha at Kanpachi, Seto, and Noguchi, respectively ( Table 1 ). The density of P. pubescens at each site was constant during the period of study, from June 2008 to December 2009. The bamboo stands in Kanpachi and Seto were located at the base of a mountain and near water flow. The stand in Noguchi was on a mountain side. The forests had sparse understory vegetation of evergreen and deciduous broad-leaved plants. Understory species comprised Cleyera japonica, Eurya japonica, Illicium anisatum, Osmanthus heterophyllus, Quercus glauca, Callicarpa mollis, and Wisteria sp. in Kanpachi and Aucuba japonica, Cleyera japonica, and Nandina domestica in Noguchi. Only sparse Cleyera japonica and Camellia sinensis were observed in Seto.
The underlying bedrock was amphibole granitite in all sites. Surface soil acidity (0-10 cm in depth) was measured as 4.5-4.8 pH (H 2 O), and similar concentrations (0.023-0.025 g/kg) of available SiO 2 were found at each site (Table 2 ). Water content was lowest at Noguchi (0.31 kg/kg) (Umemura and Takenaka 2014).
Bamboo sample collection
We sampled current leaves from five bamboos of mean DBH in each quadrat once a month from June 2008 to May 2009 to observe seasonal changes in Si concentration. To investigate Si accumulation in each organ, one bamboo older than 4 years with mean DBH was harvested at each site in December 2009. Culms were cut at internodes at the culm base and at breast height, as well as 5, 10, and 15 m from the culm base (no samples were 15 m high in Kanpachi), and cut segments were crosssectioned. Leaved branches located 0, 2, and 4 m from the lowest branch on each culm were also collected. The culms, branches, and leaves from each height were chemically analyzed.
Rhizomes were sampled from five randomly-placed subplots (30 cm soil depth · 50 cm · 50 cm) in each site in December 2009. Rhizomes were washed with tap water preliminarily to remove soil-derived silicon, and all developing roots were then cut off. Rhizome biomass at each site was calculated by averaging the biomass among the five subplots. Chemical analysis was performed using internode segments of five rhizomes selected randomly from the gathered samples.
To obtain fine root samples, five soil core samples were taken from each site using a liner core sampler (diameter 48.4 mm · depth 300 mm). All core samples were transported to a laboratory and kept frozen (À20°C) until analysis was performed. In the laboratory, core samples were separated into six subsamples of 5 cm length. Bamboo roots collected from these subsamples were washed with tap water to remove contamination from silicon derived from soil. Roots were then classified as living or dead based on the definitions established by Vogt and Persson (1991) . Living roots were separated into two diameter classes (d ‡ 2 mm, d < 2 mm).
Litterfall sample collection (Korndo¨rfer et al. 1999 ) and colorimetric extraction (Takahashi 2003) methods 80°C for 48 h and sorted carefully into bamboo leaves, leaf sheaths, and branches and into other organic matter.
Silicon analysis
For litter Si analysis, we used the litter samples collected in the month with the greatest litter supply for each organ and at each site. All samples of each bamboo organ were washed using an ultrasonic bath (<1 min), rinsed twice in deionized water, and dried at 80°C for 48 h. To obtain homogeneous samples, culms, branches, and rhizomes were sliced and leaves and roots were ground using a mill. We determined Si concentration using a combination method of wet digestion with nitric acid followed by gravimetric analysis for the insoluble portion and by inductively-coupled plasma atomic emission spectrometry (ICP-AES; IRIS ICARP, Jarrell Ash Nippon, Kyoto, Japan) for the soluble portion (Umemura and Takenaka 2010) . The yield of Si obtained by this combination method was confirmed as 99.7 % using standard silica gel (Silica Gel 60, K640, SiO 2 AEnH 2 O, >98 % pure grade, Katayama Chemical, Osaka, Japan).
Calculation of Si accumulation, supply, and turnover time
The Si concentration of each organ (culms, branches, and leaves) was determined by calculating the mean value of the Si concentrations at each height. Silicon accumulation in each bamboo organ per unit area was determined by multiplying the Si concentration in each organ by the corresponding biomass at each site. Culm, branch, and leaf biomass were calculated from the DBH of all bamboo individuals in each quadrat using P. pubescens-specific allometry equations derived from a previous study in western Japan (Okuda et al. 2007 ). For roots, the mean Si concentrations in each diameter class (d ‡ 2 mm, d < 2 mm) taken from the 5-10 cm depth were used to calculate total root Si concentration at 0-30 cm depth.
Annual Si supply via litterfall at each site was determined from the Si concentrations of each litter fraction and the corresponding litter biomass. Turnover time (year) of Si was calculated for each site by dividing total Si accumulation (above-and underground) by total Si supply to the forest floor via litterfall of bamboo organs.
Statistical analyses
Differences in leaf Si concentrations in each month in the three study sites were assessed by one-way ANOVA followed by Tukey's HSD multiple comparison test (p < 0.05). Two-way ANOVA was used to test the significance of the main effects (organ and study site) and their interaction on Si concentrations of above-and underground organs. Tukey's HSD test was performed to determine whether differences between individual factors were significant (p < 0.05). Significant differences in Si concentration in each litter organ were calculated by one-way ANOVA followed by Tukey's HSD (p < 0.05) for each site. For these analyses, we used the free statistical software R version 2.15.1 (R Development Core Team 2012).
Results
Characteristics of Si concentration and biomass of each organ in P. pubescens
We found that the leaf Si concentrations increased from one spring to the next at all sites (Fig. 2) , but the concentrations at Noguchi were significantly lower than those at the other sites in most months (p < 0.05). Silicon concentrations of aboveground P. pubescens organs were affected significantly by organ, study site, and their interactions, but there were no significant effects on Si concentrations in underground parts (Table 3 ; Fig. 3 ). Among aboveground organs, leaves possessed the highest Si concentrations (48-68 mg/g; Fig. 3a ) and culms the lowest (1.2-3.5 mg/g). Among underground organs, fine roots (d < 2 mm) tended to contain more Si than coarse roots (d ‡ 2 mm) and rhizomes, although the differences were not significant (Fig. 3b) . The root biomass distribution showed that fine roots were distributed at the upper soil layer (0-5 cm) but more coarse roots were found in the 5-10 cm layer (Fig. 4) . The roots in the surface soil (0-10 cm) comprised 54-60 % of the total (0-30 cm) root mass. Figure 5a shows the biomass distribution in each organ at each of the three sites. Among all organs, the culms had the greatest biomasses, and the total masses of underground organs were comparable, accounting for 39-57 % of the total biomass. The site at Noguchi had the most biomass, more than twice that at Kanpachi. Figure 5b shows the amounts of Si that accumulated in each organ at each site, calculated using the Si concentration and total biomass. We found that more Si accumulated underground than aboveground at Seto and Noguchi, and the values were almost equivalent at Kanpachi. The degree of Si accumulation in culms was almost identical at all three sites. In the litterfall, Si concentration was also highest (51-87 mg/g) in the leaves (Fig. 6) . Silicon concentrations in the fresh and litter leaves tended to be lower at Noguchi than at Kanpachi and Seto (Figs. 2, 3a, 6 ).
Concentration and supply of Si in litter
The litterfall that was collected monthly and classified into leaves, leaf sheaths, branches, and other material showed seasonal variation (Fig. 7) . Defoliation was greatest from April to June in Kanpachi and Seto. In contrast, litterfall mass was almost constant through the year in Noguchi. The Si concentration in litter leaves was higher than in other organs (Fig. 6) , corresponding to the higher distribution of Si in living leaves (Fig. 3) . The annual amounts of litterfall are shown in Fig. 8a ; the greatest amount was observed at Kanpachi, then Seto, and then Noguchi. From these data, we calculated the annual Si supply through litterfall as shown in Fig. 8b . The Si supplied by leaves was largest, accounting for 72-88 % of the total supply. The difference in annual supply among the sites was distinctly varied; a Si supply of 77 kg/ha/year was observed at Noguchi, much less than the 310 kg/ha/year at Kanpachi or 330 kg/ha/year at Seto.
Discussion
Characteristics of Si concentrations in bamboo organs
We found that the Si concentration in leaves was the highest among all organs and increased with time (Figs. 2, 3) , indicating a capacity to accumulate Si. Because plants with Si contents higher than 1.0 % and Si/ Ca ratios higher than 1.0 are defined as Si accumulators (Ma and Takahashi 2002) , the Si concentration levels (60, 68, 48 mg/g in Kanpachi, Seto, and Noguchi, respectively) and Si/Ca ratio (6.5-10.0, data not shown) clearly indicated that P. pubescens is an Si-accumulating plant. The high concentrations of Si in leaves indicated that this element is transported through the xylem with little deposition in intervening structures, such as culms or branches, and is then accumulated in leaves, which are the endpoint of the transpiration stream. In contrast, in the rhizosphere, Si has been proposed to be absorbed by two mechanisms, active uptake or passively accompanied by transpiration (Liang et al. 2006) . Silicon has been shown to be actively taken up as H 4 SiO 4 through the silicic acid transporter (Lsi1, Lsi2) in rice, corn, and barley roots (Ma et al. 2006; Mitani et al. 2009 ). Although the existence of these transporters has not yet been confirmed in bamboo species, the high concentra- tions of Si in bamboo leaves suggested active Si uptake using similar transporters. The possible functions of Si in bamboo plants were previously investigated by , who reported that application of calcium silicate in a Phyllostachys bambusoides forest increased culm hardness. In addition, silicification of the epidermis and vascular tissues enhances the strength and rigidity of the cell wall in gramineous species such as rice (Ma and Takahashi 2002) and in aquatic and wetland species (Schoelynck et al. 2010 (Schoelynck et al. , 2012 . We found a higher concentration of Si in the outer surface of bamboo culms (9.2-14.6 mg/g) than in the inner tissue (0.04-3.8 mg/g) in a preliminary experiment (data not shown), although these values were lower than those in leaves. These facts may indicate that bamboo culms also play a role in structural enhancement by the localized accumulation of Si.
In addition to the physiological mechanisms of Siaccumulating plants, environmental factors are considered to limit Si concentration (Table 3) . We hypothesize that a passive mechanism might also be at work, because bamboos have high leaf transpiration rate and high moisture demands (Uchimura 1994; Komatsu et al. 2010) . At Noguchi, where the soil water content was lowest (Table 2) , leaf Si concentration tended to be lower than that at the other two sites (Figs. 2, 3a, 6 ). This low soil water content could be attributed to the fact that the high density of bamboo stems (4790 stems/ ha) resulted in intense competition for water uptake or to topographical features of the mountain side, in contrast to both Kanpachi and Seto sites, which were located at the base of a mountain and close to water flow. In a previous study, the reduction of transpiration induced a decrease in Si uptake by plants with passive Si uptake (Okuda and Takahashi 1962) . In addition, the low soil water content in Noguchi may cause slower dissolution of biogenic silica (e.g., phytolith) or silicate minerals, making root uptake of the dissolved silica more difficult. Although transpiration declines and the solubility of soil biogenic silica due to soil water deficit were not measured in this study, the soil water conditions and bamboo stem density could be important factors controlling Si concentrations in leaves and culms, which differed among sites.
Biogenic Si pools in P. pubescens forests We found that the underground biomasses in bamboo forests were quite large, especially that of fine roots (Figs. 4, 5a) . The T/R ratio (the ratio of aboveground to underground biomass) observed in our three study sites ranged from 0.76 to 1.58. These T/R ratios clearly differed from those in conifer or evergreen broadleaved forests (3.0-7.0), but were similar to those in a perennial grass community, which had T/R ratios of less than 1.0 (Saito 1989) . The large underground biomass resulted in substantial underground Si accumulation, comparable to or almost exceeding that seen aboveground, even though the highest Si concentration was found in leaves. This result indicated that a huge biotic Si pool existed in the underground tissues of bamboo forests.
Annual Si supply through litterfall was 77-330 kg/ ha/year, and 72-88 % of this Si supply was comprised of bamboo leaves (Fig. 8b) . Because Si exists as a phytolith (SiO 2 AEnH 2 O) in the plant body (Kondo 2010) , the Si of litter organs is understood to be supplied to the forest soils through decomposition. These phytoliths, mostly comprised of silicic acid (SiO 2 ) (Kondo 2010) , could be a source of available Si for bamboo roots and thus circulate within bamboo forests. The amount of phytolith supplied by litterfall in these research sites was calculated at 165 to 706 kg/ha/year by multiplying the Si supply (77-330 kg/ha/year) by 2.14 (wt. SiO 2 /wt. Si). According to previous studies on various vegetation types, the total amount of phytolith supplied by litterfall is 16-850 kg/ha/year in grasslands, 4-43 kg/ha/year in coniferous forests, and 10-240 kg/ha/year in broadleaved forests (Kondo 1988; Song et al. 2012a Song et al. , 2013 . Comparing our results to these data, a P. pubescens forest clearly circulates a large amount of Si as amorphous silicic acid, and this circulation is more comparable to grasslands than to other forest types.
Estimation of the Si cycle in three bamboo forests In this study, there were remarkable differences in characteristics among our three research sites. These differences included a high density of bamboo stems, the lowest water content, and lower Si concentrations in leaves and culms at Noguchi. This site was also characterized by having no apparent seasonal change in litterfall (Fig. 7) , unlike Kanpachi and Seto, which had peak defoliation from April to June, corresponding to the seasonal changes found by Isagi et al. (1997) . This apparent lack of seasonal change and lower amount of litterfall (Fig. 8a) at Noguchi may relate to its high stem density and lowest observed water content or annual variation in litterfall.
In Fig. 9 , we summarize the values of Si pools and supply via litterfall for three sites over 1 year. This figure summarizes the Si dynamics in three bamboo forests. The Noguchi forest was characterized by a large biological pool with little Si movement. In contrast, more Si movement with smaller biological pools may be features of the Kanpachi and Seto forests. The Si turnover times Leaves, leaf sheathes, and branches derived from Phyllostachys pubescens calculated from our data were 1.3 and 1.9 years in Kanpachi and Seto, respectively, and 12.2 years in Noguchi. According to research on the Si cycle in natural vegetation dominated by mature P. pubescens stands in China conducted by Li et al. (2006) , the turnover time of Si is 16.4 years. From these findings, we suggest that there exists a range of variation in Si turnover rates, which could be explained by annual variation in the P. pubescens litterfall cycle. Li et al. (1998a) observed that the amount of fallen leaves in bamboo forests in China changed annually, however, Suzuki (1976) reported that the majority of leaves in bamboo forests in Japan renewed within 1 year. Although the biocycle of litterfall has not yet been clarified, the study duration at Noguchi might have been a period of lower litterfall, and a greater amount of litterfall from April to June might cause faster Si turnover. Thus, we suggest that there exists a range of variation in Si turnover times (1.3-12.2 years) and Si cycles in P. pubescens forests. This range might depend on forest conditions, such as soil water content or stem density caused by topographical features or management level and also on annual variations in litterfall cycle and stand age, although further research is necessary.
Conclusion
We studied the biological cycle of Si in three P. pubescens stands in central Japan. Total underground organ masses were comparable to culm biomasses and accounted for 39-57 % of the total biomass. Bamboo roots in the surface soil horizon (0-10 cm depth) comprised 54-60 % of the whole root biomass. Ranges of Si accumulation at the three sites were 200-360 kg/ha aboveground and 180-460 kg/ha underground. We found that in moso bamboo stands, a huge biogenic Si pool existed in underground tissues, comparable to that in aboveground tissues. In addition, a large amount of Si, 77-330 kg/ha/year, was supplied through litterfall, 72-88 % of which was comprised of bamboo leaves. The amount of phytolith (SiO 2 ) supplied by litterfall was calculated at 165-706 kg/ha/year. This Si circulation in P. pubescens forests was more comparable to that of grasslands, with more Si, than other forest vegetation types. We observed a range of variation in Si turnover (1.3-12.2 years) from our year-long study in P. pubescens forests.
